Abstract: This paper reports on an experimental and analytical investigation conducted into efficacy of the scraping shear-test method in estimating the shearing adhesive strength of a thermally sprayed coating. It was found that the critical average shear stress, the apparent failure strength of WC-Co thermal spray coating, depends on both the dimensions of the test piece and the loading position around the interface between the coating and the substrate. More specifically, the apparent critical shear stress decreased as the height and width of the test piece increased. In addition, the apparent critical shear stress increased with increasing coating thickness and with decreasing loading point distance measured from the interface. Consequently, the real adhesive strength of thermally sprayed coating could not be ascertained from these experimental results. Furthermore, most of the failure initiation points were inside the coating, as opposed to at the interface. This fact means that the results of the tests do not indicate the interfacial adhesive strength, but rather the shear strength of the coating. Three-dimensional finite element method (FEM) analysis showed that the distributions of the shearing stress at the loading points were virtually the same at failure, regardless of the dimensions of the test piece. These results suggest that the scraping test method needs a corresponding numerical analysis of the failure mode in order to produce reliable results and is not necessarily able to estimate the interfacial adhesive strength of thermally sprayed coating.
Introduction
Thermally sprayed coatings have been applied to various important system parts, such as gas-turbine blades, combustion chamber walls, aerospace equipment, and the boiler tubes of industrial plants, all of which are used under severe conditions. For precise design of such coated parts, it is important to establish the adhesive strength criteria for thermally sprayed coating systems. Many test methods have been proposed to estimate the adhesive strength of thermal spray coatings for the purpose of comparing the relative adhesive strengths of various coatings. Some of these test methods include tensile tests of the coated specimen [1, 2] , bending tests of the coated plate/ring [3] [4] [5] [6] , scraping shear tests of the coated ring [7] [8] [9] , and the tensile pin-test [10] . Several researchers have reviewed the merits and demerits of these test methods [11] [12] [13] . Moreover, a number of researchers have conducted lifetime evaluations [14] [15] [16] [17] [18] [19] in which they considered the thermal loading cycles and changes in local structures such as oxidation growing and investigated the mechanism of delamination. To evaluate the fracture strength of the coating, the combined torsion-tension loading test using the coated butt-joint type tubular specimen has been proposed [20] .
However, most of the results obtained from these test methods do not measure the actual unique strength of the coating system, but rather an apparent strength, such as the average stress. Consequently, corresponding numerical analyses have to be conducted on the testing method to determine the critical stress conditions at local singularity zones such as the interface edge. Thus, experimental methods in which the loads acting around the interface edge can be accurately controlled are needed.
Furthermore, many patterns of failure of the thermal sprayed coating system, such as wear, cracking, and delamination, are possible. Delamination due to tensile stress acting on irregularities at the interface has been discussed by Arai [16] and Kaneko et al. [19] , and delamination due to concentrated shearing stress at the interface edge, caused by cleavage cracking of the coating under in-plane tension, has been studied by Arai et al. [15] . Because of the high probability of these types of failures, it is important that the specimen in the delamination strength test of coatings has a shape with an interface edge, on which shearing stress can be applied and accurately controlled until delamination occurs.
On the basis of the above considerations, the scraping shear-test method using a small coated plate with its coating subjected to a scraping shear force has recently gained favor in Europe [21] , and is slated to be recognized as the international standard test [22] . However, some problems were discovered such as the failure patterns being unstable and the scatter being rather large; therefore, a large number of specimens must be prepared [23] .
The objective of this paper is to clearly investigate these problems affecting the scraping shear test and estimate the efficacy of the testing method. In this report, first the effects of height, width, coating thickness of the specimen, and shearing point on the critical shearing force are investigated experimentally. Next, the shear and tensile stress distributions around the shear loading point at failure are analyzed via finite element method (FEM) analysis in order to estimate the efficacy of the testing method.
Recently, this author has proposed a torsion-tension pin-test method and used it to investigate the adhesive strength criteria of thermally sprayed WC-Co coating under interfacial shear and tensile loading experimentally and analytically. The reliability of the pin-test method has been confirmed through a series of studies [24] [25] [26] . This report on the reliability of the scraping shear-test method shows that the torsion-tension pin-test method is useful and reliable for estimating the adhesive strength of thermally sprayed coating and is thus deserves serious consideration globally.
Experiments

Specimen
The material used as the substrate of specimen was SCM440 chrome-molybdenum steel. The substrate plate was a square of length 100 mm and 5.2 mm thickness. Two thickness levels were selected for the WC-12Co thermal spray coating: t = 350 and 450 µm. The conditions of the thermal spraying by the high-velocity oxygen fuel (HVOF) method are shown in Table 1 . Specimens were cut from the coated plate using the high speed wet cutting machine with height: H = 0.5-2.5 mm, and width: B = 1.5-5.5 mm, as shown in Figure 1 . Figure 2a shows the scraping shear testing apparatus. The steps in the testing procedure were as follows: (1) The thickness of the coating of each specimen was measured using a microscope; (2) A specimen was inserted into the testing apparatus, as shown in Figure 2a , and pushed to set the shear point at 25 (or 50) µm, measured from the interfacial line using the micrometer; (3) After the substrate of the specimen was fixed by turning the screw bolt, the shear bar made of sintered WC-Co cermet was pushed down using the computer controlled testing machine (AGS-5kNX by Shimadzu Co. Ltd., Kyoto, Japan) at a speed of 0.5 mm/min; (4) The critical shearing load F was then recorded and divided by the adhesive area (H × B) to get the critical shearing mean stress τ. The shape of the contact edge of the push bar was rectangular and the radius of curvature of the edge corner was approximately 0 mm, as shown in Figure 2b . Figure 3 shows an enlarged view of the interface between the coat and the substrate. Measuring the surface roughness of 15 specimens, the maximum surface roughness was found to be 18.1 µm (average: 14.8 µm). Thus, the full safety point for the shearing bar not to be in contact with the substrate in the shearing process was decided at c = 25 µm offset from the interfacial center line (see Figure 11 below). Furthermore, some tests were performed for the case of c = 50 µm in order to investigate the effect of c on the critical shear load. From these results, it is clear that the critical shearing stress τ decreases with increasing specimen height H. This is because the shear stress distribution on the shearing plane has a maximum value at the contact top point with the shear bar and decreases quickly along the direction of the shearing plane, and the lower stress area increases with increasing height H, as shown in the case of the shear stress distribution at the adhesive plane of a lap joint under tension; thus, the average stress decreases with Figure 7 shows the coating thickness dependency of the critical shearing stress. The failure average stress increases with increasing coating thickness. This is because the contact area S with the shear bar increases with increasing coating thickness (see Figure 11) : thus, the contact pressure decreases and then the local stress around the shear point decreases with increasing t. 
Scraping Shear Test
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Effect of Shearing Point c on Critical Shearing Stress τ
From the results shown in Figures 4-6 , the critical shearing stress is found to increase with decreasing shearing point c. The reason for this is the same as that stated above in the previous section. Here, the contact area S with the shear bar decreases with increasing the shearing point c. Thus, the critical shear load in the case of c = 50 µm is smaller than that in the case of c = 25 µm. Figure 8 shows the relationship between the specimen width B and the critical shearing stress τ. The critical shearing stress τ decreases linearly with increasing width B. This is because the shearing stress is concentrated at the side corners of the specimen, and the central area where the shear stress is comparatively small increases with increasing width B. Figure 9 shows the gradient for each line shown in Figures 4-6 . The gradients are virtually the same depending on the width of specimen. This means that the effect of specimen height on the shearing failure stress is stable regardless of the specimen width. Thus, the local stresses at the specimen's corners increase with increasing height, H, and the apparent critical stress decreases irrespective of the width. Figure 10a ,b show the failed specimen, where: Figure 10a shows views of the delaminated coating and substrate. Some delaminated coats were separated into several parts at failure. Figure 10b shows a magnified view of the substrate with a stuck chip of coat. Almost all (90%) the substrates were stuck with coating chips around the shearing point after failure, as shown in Figure 10b . In some cases, the coating remained over the interfacial plane. In such cases, failures occurred inside the coating, not at the interface. Although some failure patterns could be observed, as mentioned above, no significant differences could be seen in the critical shear stress, τ. This is because failures always initiate at the inside of the coating around the interfacial edge and the shear stress becomes much larger at the chip of the initiated crack. Thus, the crack propagates quickly along the interface or inside the coating and the subsequent shear load is not larger than that at failure initiation. This fact shows that the critical shear load measured in this scraping test is not the real adhesive strength of the coating, but rather the shearing strength of the coating.
Effect of Specimen Width B on Critical Shearing Stress τ
Views of the Failed Specimens and Coatings
The shape of the scraping shear bar should be improved to ensure that the coating does not fail. However, precisely controlling the corner curvature of the scraping bar is difficult because the influence of the corner curvature on the stresses at the contact point is significant and delicate. Thus, the scraping 
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shear -test method may not be adequate to evaluate the adhesive strength of the coating, especially for a coating system in which the coating strength is weaker than the adhesive strength. In the ensuing section, the shear and tensile stress distributions are analyzed using FEM analysis to understand the experimental results obtained in the scraping shear tests. 
Three-Dimensional Stress Analysis by FEM
Analysis Method and Conditions
Analysis software: FEM Analysis software MARC2010. The three-dimensional elastic analysis mesh model of the scraping test specimen is shown in Figure 11 , and the material constants used in the analysis are shown in Table 2 . The minimum element size was 10 nm long. As shown in Figure 11 , the bottom end of the substrate was fixed in the direction of y-axis and the upper side subjected to the setting press load. To make the analysis model simple, the scraping bar was replaced by a rigid board, because Young's modulus of the bar made of sintered WC-Co cermet is very large (600-700 GPa) compared with that of the coating. However, this assumption may cause somewhat larger stresses in the analysis. In this contact analysis, the friction coefficient was assumed to be 0.3 at the contact plane between the rigid board and the coating. It was confirmed that influences of the setting press load and the friction coefficient on the stress distributions at the shear point A are very small.
Evaluation of the Stress Singularity
The stress singularity field occurs around the contact point A with the rigid board edge shown in Figure 11 . Figure 12 shows the typical stress distributions around the stress singularity area. Stress distributions at a singularity point are generally approximated by Equation (1), where σ is the stress components or equivalent stress: r, the non-dimensional length divided by 1 mm measured from the contact point A: λ, the singularity parameter: and K, the strength of the stress singularity:
The strength of the stress fields K can be determined as the intercept of the approximated straight line at r = 1 for the stress distributions at the area 5 × 10 The singularity parameter λ can be obtained as the gradient of the approximated straight line. It is usually a very reasonable supposition that the principal stress is dominant in the failure of brittle coatings such as WC-Co cermet. Thus, the principal stress that operates on the failure surface in the perpendicular direction should be discussed. In the scraping shear tests, all failures (or delaminations) occurred around the interface: hence, both the shear and tensile stress components should be taken into consideration in investigations of the failure criteria of a coating system. The strengths of the stress singularity obtained at failure are expressed by Ks for shear stress and Ka for tensile stress generated by a bending moment.
Analytical Results and Discussions
In these scraping tests, shear stress τxy operating at point A in the y-z plane, as shown in Figure 11 , is maximum, where the curvature of the edge corner of the rigid board was assumed to be infinity. Thus, the shear and tensile stress distributions operating at contact point A in the y-z plane were calculated in this analysis. 
Influences of Parameters in the Experiments on the Stress Distributions
To investigate the influence of height H and width B of the specimen, and the coating thickness t and the shear point c on stress distributions, corresponding shear and tensile stress distributions were calculated for the case of mean shear stress τm = 150 MPa using various FEM mesh models with various parameters. 5.1.1. Influences of the Specimen Height H on the Stress Distributions Figure 13 shows the influence of specimen height H on the shear stress τxy and the tensile stress σx for the conditions of constant width and mean shear stress. The abscissa indicates the shear and the tensile stresses and the ordinate indicates the non-dimensional coordinate r on y axis measured from the contact point A. The local shear stress τxy increases with increasing the specimen height H, which means that the specimen of higher H becomes apparently weaker, as shown in Figure 4 . Figure 14 shows the influence of specimen width B on the shear stress τxy and the tensile stress σx for constant height and mean shear stress. The local shear stress τxy increases with increasing specimen width B, which means that the apparent strength decreases with increasing width B, as shown in Figure 8 . Figure 15 shows the relationship between the failure strength Ks and the coating thickness t for various H. Ks decreases with increasing t, which supports the tendencies of the experimental results shown in Figure 7 . Furthermore, the influence of H on Ks decreases with increasing t. This is because the contact pressure and the local stress decrease with increasing t or the contact area, then the shear stress distributions become smooth. 
Stress Distributions Analysis around the Shearing Point at Failure
The shearing τxy and tensile σx stress distributions were analyzed for the case of the coating thickness t = 350 μm, and the shearing point c = 50 μm, for which the scattering in the experimental results are smallest in Figure 4 . Figure 17 shows the critical shear stress τxy distributions around the loading point at failure for various specimen heights H. The critical strength of the stress singularity Ks obtained from these shearing stress distributions are shown in Figure 18 In the analytical study outlined above, the influence of surface roughness on stress distributions was neglected. Some dents on the surface may function as cracks. We know that a peeling force occurs at any top/bottom of surface roughness in an interface of thermal barrier coating after thermal loading [19] . at failure Therefore, stress analyses using the mesh model with a surface crack at the corner edge of the specimen may be necessary.
Conclusions
In this paper, first the effects of specimen height, width, coating thickness and the shear loading point on the critical shearing force were investigated experimentally. Then, the shear and tensile stress distributions around the shear loading point, that is, the failure initiation point at failure, were analyzed using FEM to estimate the availability of the scraping shear testing method. The following conclusions are drawn:
(1) The critical shear average stress decreases with increasing specimen height H and width B. , respectively. It was found that the singularity parameter λ is virtually constant and the strength of the stress singularity K s becomes constant at failure, regardless of the magnitude of the specimen. Thus, the critical strength of the stress singularity obtained here indicates the shear fracture condition of the coating. (7) The strength of the shear stress singularity at the loading point was found to increase with increasing height H and width B of the specimen, and the loading position c measured from the interface, and with decreasing coating thickness t. Thus, the reasons why the apparent critical load depends on the magnitudes of specimen become clear. (8) This paper gave an important notice that the failure initiation point as well as the loading point should be carefully checked when the scraping shear -test method was used in evaluating the strength of a coating system.
